Abstract: Potash mining is an important economic activity in the north-east of Spain. However, one of the main environmental issues produced for such type of mining is subsidence, which generates horizontal and vertical ground displacements. A Geographic Information System (GIS)-based model is proposed as a management system in a case study with two mines. This system is able to deal with subsidence data and its behavior over time. More than 1300 control points are included in the GIS, with data since 2007. These data processed by the GIS allowed determining the module, sense and direction of the displacements, the sinking velocity and the possible affectation of subsidence to infrastructures and buildings. Hence, the system created can be a useful tool to manage subsidence data, determine its evolution, predict future environmental and social impacts and control corrective measures.
Introduction
Mining activities play a fundamental role in the global economy since they provide vital raw materials and energy for a large number of industries. The use of minerals is extensive over the world and it comprises the production of very important products for society such as: construction industry, electrical generation, steel, agricultural products, electronic material, medicine, etc. In this way, the mining industry is a vital and strategic economic sector for many countries, including Spain. According to the Ministry of Industry, Energy and Tourism of Spain [1], there were 2942 surface and underground mines, having 24,365 people directly employed in underground mines, quarries and processing plants in 2013. However, the effects mining activities have on the surroundings receive significant global attention due to the nature of their environmental and social responsibilities [2] . Examples of potentially serious mining environmental impacts include chronic soil erosion, heavy metals overloading, acid mine drainage and subsidence [3, 4] . Thus, enterprises are expected to respond positively to these challenges by assuming responsibilities.
Under this context, civil society has claimed for a more practical environmental sustainability that endorses other practices than the simple publication of green-washing reports and manuals, especially during the last 30 years [5] . Since then, companies have initiated or continued various corporate social responsibility efforts to redefine their business policies around the selection of a series of environmentally-conscious practices [6, 7] , and various national and international initiatives have developed frameworks for sustainability. For instance, the European Union [8] has promoted priorities based on four broad pillars (environmental protection, economic issues, social performance and employment, and research and technological development). Moreover, the Mining Association of
Mine Subsidence
Surface subsidence is a natural consequence of underground mining [31] [32] [33] and it can be coincident with mining activities or delayed in response to the time-dependent deformation of the rock mass. Certain mining and geologic factors, including the quantity and quality of the subsoil, rock components and superficial conditions, may influence the mode, magnitude, shape and extent of subsidence [34] .
Due to the potential effects of subsidence in constructions, accurate prediction techniques are needed to prevent this destruction. According to Peng [35] , there are six categories of subsidence prediction methods: theoretical, profile function, influence function, empirical, physical and numerical modeling. Theoretical methods try to explain a mechanism that can predict the magnitude of subsidence; profile function methods define a number of standard functions; influence function methods are based on the effect of the extraction of infinitesimal elements of an area; empirical methods use graphs and tables; physical methods built a real model at a smaller scale than the extracted area; and numerical models use finite elements, boundary elements, distinct elements and finite difference methods to calculate the displacements and subsidence of ground surface [19] . Similarly, Bahuguna et al. [36] [31] describes the case of the Colonsay Mine in Saskatchewan, where surface subsidence is measured by optical level surveys conducted on permanent benchmarks throughout a 70-square-kilometer area above the mine. The numerical model SALT-SUBSID [37] was used for this aim. Scott and Anumba [22] developed an advisory system called SCAMS (Subsidence Case Management System), which is intended to provide a technical framework for decision making by giving engineers specific guidance for individual cases. SCAMS is an interactive computer program that consists of a knowledge-based system that incorporates judgment, experience, intuition and other expertise to provide advice about tasks. Carnec and Delacourt [38] use Synthetic Aperture Radar (SAR) interferometry to analyze the subsidence caused by underground coal mining close to Gardanne, France. Authors apply SAR technology to map surface deformations and monitor their spatial-temporal evolution [39, 40] . However, this technology has been found insufficient to insure the accuracy enough in the case study. Asadi et al. [19] present a new profile function formed from the sum of two negative exponential functions adjusted to three survey lines for prediction of the surface subsidence profile due to inclined coal-seams in longwall mining.
Other articles assess mining subsidence and its impacts on the environment [41, 42] . Bell et al. [43] analyze the effect of subsidence to the environment in six case studies to illustrate the different types of associated subsidence and related problems. Examples provided are gold mining in the Johannesburg area; board and pillar coal mining in the Witbank Coalfield, South Africa; longwall coal mining in the Ruhr district; chalk and limestone mines in Suffolk and West Midlands, respectively, and salt mines in Cheshire.
All authors agree that mining subsidence is difficult to analyze and monitor, basically due to the difficultness in expressing mathematically the variables involved. These variables include: dimensions of the holes generated, depth of the mine, mine exploitation method, nature and dip of the geological strata located in the mine and surface, etc. Topographic measurements, registered every "n" months, are the fundamental data to analyze subsidence in a specific area. Nevertheless, some studies reveal a lack of systematic evaluation of subsidence in many mines, like periodical topographic measurement campaigns, which may imply a low knowledge of such phenomenon [23] .
Materials and Methods

Data Collection and Case Study
The GIS based model was developed using data from a case study, two mines in the north-east of Spain, henceforth Mine1 and Mine2. These activities are extracting potash by means of a room and pillar method at depths between 500 and 900 m. However, the exploitation varies considerably depending on the seams layout. There are always two mineable layers, Layer A and B, with and intermediate layer of salt of variable thickness, as it can be seen in Figure 1 . When the layer of salt is more than 5 m thick, two drifts are used to extract sylvinite, whereas it is exploited together when the thickness has less than 5 m. Layers A and B are interstratified layers of sylvinite salt and clay.
One of the downsides of the exploitation method used is the generation of subsidence, vertical and horizontal ground movements. Hence, surface topographic measurements have been done by means of control points distributed along the geographical area potentially affected by subsidence since 2007, obtaining the X, Y and Z coordinates of each point using a Global Positioning System (GPS). The method employed in the post process was the static differential with four GPS double frequency receptors. Two receptors were situated in two points of known coordinates, while other two receptors were used to perform measurements in the control points, with a minimum measurement time per point of 10 min. This methodology guarantees an accuracy of 1-1.5 cm in planimetric and altimetric coordinates, which implies that the maximum possible error between measures from the same point is 2-3 cm. Therefore, only higher differences are relevant to indicate if there is subsidence. Regular quality control measurements are done to verify the reliability of the method.
there is subsidence. Regular quality control measurements are done to verify the reliability of the method. The zone is predominantly forest in both cases. Based on the methodology used, the exploitation method and the geography of the zone, it was considered a minimum of 150 and 200 control points, respectively, to determine the subsidence of the whole area. In addition, there is an extra control point for each structure within the zone with potential subsidence affectation.
The system created can manage these data and determine the fundamental characteristics of the subsidence process, such as horizontal and vertical displacements over time, deformations or sinking velocity. The usage of the GIS also provides flexibility to include new parameters or extract other outcomes if it is considered necessary.
Data Format and Characteristics
The potential of vector and raster analysis have been included in the system proposed. Vector GIS focuses in management, whereas raster is intended for analysis [44] . The vector system allows to manage the parameters introduced and know their evolution over time, while the raster increases the potentiality of the system and the territorial and environmental analysis.
Initial data was composed by two maps, one with the control points from Mine1 and another with the points from Mine2 (both in CAD format), whereas thematic information was stored in a csv file. This information was merged and transformed to a shape file, achieving a connection between information and its corresponding position in the map. The process is shown in Figure 2 , while Figure  3 details the layers included in the GIS (mine workings, subsidence information and buildings and infrastructures) and data related to subsidence per mine and year. The zone is predominantly forest in both cases. Based on the methodology used, the exploitation method and the geography of the zone, it was considered a minimum of 150 and 200 control points, respectively, to determine the subsidence of the whole area. In addition, there is an extra control point for each structure within the zone with potential subsidence affectation.
Initial data was composed by two maps, one with the control points from Mine1 and another with the points from Mine2 (both in CAD format), whereas thematic information was stored in a csv file. This information was merged and transformed to a shape file, achieving a connection between information and its corresponding position in the map. The process is shown in Figure 2 , while Figure 3 details the layers included in the GIS (mine workings, subsidence information and buildings and infrastructures) and data related to subsidence per mine and year. This method enables to store data and compare the subsidence evolution over time easily, being able to achieve any kind of result required as long as variables are georeferenced. The potential analysis could increase as more data is collected and introduced into the GIS. Table 1 exposes all variables included in the system proposed.
These variables allow the user to manage and analyze the behavior of subsidence, such as visualize the evolution of the control points or identify which has a certain displacement or the distance to infrastructures, among many other possibilities. The combination of raster and vector GIS give the possibility to obtain other important information regarding subsidence management: The digital elevation model (DEM) was transformed to raster to obtain the horizontal displacements, mm/m, between the periods analyzed, where the value of each pixel contains the mean slope, Equation (1), corresponding to the same zone from the DEM. A modification of the algorithm from the National Coal Board Mining Department [45] , Equations (2) and (3), was applied to know the affection of subsidence to buildings [46] , determining the curvature and horizontal strain. Figure 2 . Scheme of the process followed to create the system. This method enables to store data and compare the subsidence evolution over time easily, being able to achieve any kind of result required as long as variables are georeferenced. The potential analysis could increase as more data is collected and introduced into the GIS. Table 1 exposes all variables included in the system proposed.
These variables allow the user to manage and analyze the behavior of subsidence, such as visualize the evolution of the control points or identify which has a certain displacement or the distance to infrastructures, among many other possibilities. The combination of raster and vector GIS give the possibility to obtain other important information regarding subsidence management: The digital elevation model (DEM) was transformed to raster to obtain the horizontal displacements, mm/m, between the periods analyzed, where the value of each pixel contains the mean slope, Equation (1), corresponding to the same zone from the DEM. A modification of the algorithm from the National Coal Board Mining Department [45] , Equations (2) and (3), was applied to know the affection of subsidence to buildings [46] , determining the curvature and horizontal strain. This method enables to store data and compare the subsidence evolution over time easily, being able to achieve any kind of result required as long as variables are georeferenced. The potential analysis could increase as more data is collected and introduced into the GIS. Table 1 exposes all variables included in the system proposed.
These variables allow the user to manage and analyze the behavior of subsidence, such as visualize the evolution of the control points or identify which has a certain displacement or the distance to infrastructures, among many other possibilities. The combination of raster and vector GIS give the possibility to obtain other important information regarding subsidence management: The digital elevation model (DEM) was transformed to raster to obtain the horizontal displacements, mm/m, between the periods analyzed, where the value of each pixel contains the mean slope, Equation (1), corresponding to the same zone from the DEM. A modification of the algorithm from the National Coal Board Mining Department [45] , Equations (2) and (3), was applied to know the affection of subsidence to buildings [46] , determining the curvature and horizontal strain.
where p is the slope, z the vertical displacement at point x, θ/l the curvature and ε the horizontal strain. The algorithm has been set from the analysis of four vertical sections located in the zone of subsidence influence using the data introduced in the GIS from 2008-2016 and the ArcGIS tools. In consequence, sixteen transverse settlement profiles have been measured from the four sections (2008-2010, 2010-2012, 2012-2014 and 2014-2016) . The trenches are located at depths between 500-600 m, with width/depth (w/h) ratios ranging from 0.7-1.50. An adjustment of the Gaussian curve was carried out to the field data, obtaining a value of i for each transverse of the settlement trough profile. The horizontal deformation was calculated using the values of the parameter i in the following expression.
where i is the inflection point of the settlement trough, ε hx is the strain or horizontal deformation, and S v is the surface settlement at offset distance x from the tunnel center line. Mean values of the strains proportional to θ/l with the horizontal deformation have been obtained within reasonable limits of accuracy, and are shown on the prediction graph in Figure 4 . This figure provides a quantified relationship between deformation and θ/l, as follow:
where a varies between 0.018 and 0.012, θ/l is the curvature and ε the horizontal strain. A value of a = 0.018 is used in the present study, because it is considered the worst case scenario. Raster image of the horizontal displacements, is represented in meters per each period, using the module of every control point. This information can be used to classify the hazard of subsidence to buildings [47] . Figure 5 details the hazard degree depending on the horizontal displacement. 
Results and Discussion
The system proposed allows to obtain the results displayed below. Several vector and raster maps exposes the subsidence characteristics, either vertical and horizontal displacements or hazard level for buildings. The vector GIS is the base of the management system, while the raster GIS is more 
The system proposed allows to obtain the results displayed below. Several vector and raster maps exposes the subsidence characteristics, either vertical and horizontal displacements or hazard level for buildings. The vector GIS is the base of the management system, while the raster GIS is more appropriate for territorial analysis of quantitative variables with continuous distribution like subsidence [48] .
The system created can assess subsidence in different ways, such as its evolution over time by means of a contour map. Figure 6 shows the name of the control point, in black, and subsidence level, in red, as well as the contour lines every 5 cm. Mine workings are also included to achieve better understanding of its evolution.
appropriate for territorial analysis of quantitative variables with continuous distribution like subsidence [48] .
The system created can assess subsidence in different ways, such as its evolution over time by means of a contour map. Figure 6 shows the name of the control point, in black, and subsidence level, in red, as well as the contour lines every 5 cm. Mine workings are also included to achieve better understanding of its evolution. Meanwhile, Figure 7 exposes the vector with its corresponding horizontal displacement and module in the same period of time. The size of the arrow stands for the scale of horizontal displacement, between 0.04 and 0.36 m in this case. The versatility of the GIS provides different options to process data and achieve the outcomes required. Figures 6 and 7 show a match between subsidence and opening of new drifts, being able to determine the time lag in both mines. The angle affecting surface-underground mine workings has also been obtained, with a mean value of 49° in Mine1 and 35° in Mine2. Besides, the subsoil movement was plotted to know the subsidence behavior per point, as described in Figure 8 . The vertical displacement evolution in each control point over time gives the possibility to visualize the sinking velocity and make predictions for the next years. Two control points, 124 and 405 from Mine2, are detailed with the corresponding subsidence profile. The first one draws a decreasing velocity due to mine workings are moving away from it since 2009, whereas the second point is still increasing the subsidence velocity due to mine workings are very close to it.
This information can be matched with the characteristics of the area and mining workings to know the current subsoil behavior. Besides, the mine planning can be used to predict the future subsidence based on empirical information gathered in the GIS.
Moreover, the system can be inquired based on the criteria of the technician, obtaining trends, statistical data, such as mean values or the maximum and minimum subsidence generated, or applying scripts to create new parameters. This information can be matched with any other variable or layer within the GIS. For instance, Figure 9 displays the displacements higher than 20 cm in X, Y or Z between 2013 and 2017.
On the other hand, Figure 10 Meanwhile, Figure 7 exposes the vector with its corresponding horizontal displacement and module in the same period of time. The size of the arrow stands for the scale of horizontal displacement, between 0.04 and 0.36 m in this case. The versatility of the GIS provides different options to process data and achieve the outcomes required.
Figures 6 and 7 show a match between subsidence and opening of new drifts, being able to determine the time lag in both mines. The angle affecting surface-underground mine workings has also been obtained, with a mean value of 49 • in Mine1 and 35 • in Mine2. Besides, the subsoil movement was plotted to know the subsidence behavior per point, as described in Figure 8 . The vertical displacement evolution in each control point over time gives the possibility to visualize the sinking velocity and make predictions for the next years. Two control points, 124 and 405 from Mine2, are detailed with the corresponding subsidence profile. The first one draws a decreasing velocity due to mine workings are moving away from it since 2009, whereas the second point is still increasing the subsidence velocity due to mine workings are very close to it.
On the other hand, Figure 10 is a raster image, pixel size of 32 m × 32 m, showing the horizontal deformation in mm/m together with a vector layer of constructions. The capability of interrelating raster and vector information give the possibility to analyze the most adverse zones with buildings and categorize the possible damage suffered due to horizontal and vertical deformations in mm/m. In the case study, maximum deformations due to compression and traction forces are smaller than 0.41 and 0.60 mm/m respectively, having a negligible or very slight hazard, categories 0 and 1 according to Figure 5 . The modified algorithm from the National Coal Board Mining Department [45] has been applied to calculate the horizontal deformation in mm/m per pixel, taking into account the a value obtained according to characteristics of the zone and exploitation method in the worst case scenario, as it has been exposed in the previous section. and categorize the possible damage suffered due to horizontal and vertical deformations in mm/m. In the case study, maximum deformations due to compression and traction forces are smaller than 0.41 and 0.60 mm/m respectively, having a negligible or very slight hazard, categories 0 and 1 according to Figure 5 . The modified algorithm from the National Coal Board Mining Department [45] has been applied to calculate the horizontal deformation in mm/m per pixel, taking into account the a value obtained according to characteristics of the zone and exploitation method in the worst case scenario, as it has been exposed in the previous section. and categorize the possible damage suffered due to horizontal and vertical deformations in mm/m. In the case study, maximum deformations due to compression and traction forces are smaller than 0.41 and 0.60 mm/m respectively, having a negligible or very slight hazard, categories 0 and 1 according to Figure 5 . The modified algorithm from the National Coal Board Mining Department [45] has been applied to calculate the horizontal deformation in mm/m per pixel, taking into account the a value obtained according to characteristics of the zone and exploitation method in the worst case scenario, as it has been exposed in the previous section. 
Conclusions
The vector GIS was able to find the most affected zones by subsidence, as well as where horizontal and vertical displacements exceed a certain value. Besides, the system gives the possibility Figure 9 . Control points that meet the pre-established conditions. Scale 1:12,500. 
The vector GIS was able to find the most affected zones by subsidence, as well as where horizontal and vertical displacements exceed a certain value. Besides, the system gives the possibility 
The vector GIS was able to find the most affected zones by subsidence, as well as where horizontal and vertical displacements exceed a certain value. Besides, the system gives the possibility to determine the subsidence evolution between campaigns and generate subsidence profiles to know the sinking velocity in a very fast and easy way, which could help to control and manage subsidence evolution in each point or by zone. On the other hand, the raster GIS has been used to increase its potential analysis. The combination of vector and raster information has allowed us to know the subsidence impact on buildings and infrastructures. Hence, the system can also be used to predict the behavior and consequences, with the aim to take decisions and control any possible social and environmental effect in the future. In addition, any measure taken to minimize subsidence can also be assessed with the GIS. The flexibility of the system enables to modify the methodology of subsidence management or combine it with other software if it is considered necessary.
Subsidence produced by mining activity is kept within an acceptable range in terms of horizontal and vertical deformations. There are no constructions affected or any other zone with potential risk. Therefore, the exploitation method can be considered as adequate regarding this environmental impact. The subsidence velocity has also been determined, either individually per each point or by zones, being able to predict subsidence over time based on the exploitation planning and the empirical information gathered within the GIS. The system created can locate the most affected zones and provide statistical information. The time lag between the drift opening and subsidence per control point can be determined with the system as well as the angle incidence of subsidence in both mines. The system proposed has also been used to obtain a modification of the algorithm [46] for both mines. Funding: This research received no external funding.
